been satisfied that information of diagnostic value has been obtained from tracings from the right ventricle.
SUBJECTS AND METHODS Thirty normal subjects were studied, in whom cardiac and pulmonary disorders had been excluded. There were 27 men and 3 women, and the ages ranged from 17 to 45 years.
The recording of the apex cardiogram in these subjects was performed in a similar fashion to the routine phonocardiographic practice of this unit. Using the piezo-electric microphone to record the pulse wave forms, and a crystal microphone to record the heart sounds, this latter microphone was placed in succession on the second right interspace parasternally (2R); the fourth right interspace parasternally (4R); the second, third, and fourth left interspaces parasternally (2L, 3L, and 4L); at the apex beat and midway between the apex and 4L which corresponds to the position of electrocardiogram lead V3. Any other area was recorded w,hen necessary, and simultaneous mid and low frequency records were taken.
With each recording of the heart sounds, a simultaneous electrocardiogram (usually lead II), and an indirect carotid pulse using the piezo-electric microphone were taken as reference tracings. All the records were taken at a paper speed of 100 mm./sec., and with respiration halted in mid expiration.
For the pulse wave tracings, a reference electrocardiogram, again usually lead II, was accompanied by a phonocardiogram, usually at position 4L and a mid-frequency record. With a paper speed of 50 mm./sec. careful tracings of the carotid and jugular pulses were made, and using the same pick-up, the pulsations at the apex beat were recorded, both in the dorsal and the left lateral position. Monitoring of the tracings, using an oscilloscope, was essential, so as to obtain satisfactory tracings. Identification of the underlying ventricle was accomplished by placing the unipolar electrocardiogram chest lead in the position of the piezo-electric pick-up, and recording the electrocardiogram. With practice, a complete record can be made in less than 20 minutes.
It is important to note that the carotid, jugular, and apex pulse tracings are all obtained by using the simple robust apparatus shown in Fig. 1 . The pick-up is a simple funnel, made of any suitable material, and with an internal diameter at its widest point, of approximately 1 5 cm. enabling it to fit into the average intercostal space. This funnel is connected to the piezo-electric microphone by a length of rigid plastic tubing less than 1 metre in length. The frequency response of the piezo-electric microphone is virtually linear from near zero to several hundred cycles per second, and it records changes in pressure at the pick-up funnel, the speed of response being limited only by the recording galvanometer. The amplifier controls of the galvanometer are similar to those used for the electrocardiogram, the sensitivity control being extremely simple to use.
To record the apex cardiogram the patient is propped up at an angle of 450 and the point of maximal cardiac impulse is determined by palpation both in the dorsal and in the left lateral position. The pick-up funnel is placed over the point of maximal pulsation and held firmly but not heavily in position, to prevent movement between it and the chest wall. Slight changes in position are often necessary before a suitable wave-form is seen on the oscilloscope, but the technique is not difficult, and we have now recorded many hundreds of these tracings.
With this apparatus, the difference in timing between the pulse wave recording through the piezo-electric microphone, and the sound recording through the crystal microphone, is less than 0 005 sec., less than the error involved in measuring the wave forms.
DESCRIPTION OF THE NORMAL APEX CARDIOGRAM
The normal apex cardiogram can be divided into four main phases, three of which are diastolic events. These are shown in Fig. 2 , phase 1 representing the "a" wave; phase 2 the systolic wave which has many normal variations; phase 3 the early ventricular filling wave (EFW); and phase 4 the slow ventricular filling.
Point " 0" represents the nadir of the apex cardiogram, between phases 2 and 3, and point " F" the end of the early ventricular filling phase, between phases 3 and 4. The diagram in Fig. 2 shows that the " a" wave in the apex cardiogram begins at about the apex of the P wave of the electrocardiogram, and the upstroke of the apex cardiogram begins with the QRS complex. The downstroke begins before the end of the T wave, but the phonocardiogram is a better reference tracing than the electrocardiogram particularly for diastolic events.
The first heart sound occurs on the main upstroke of the apex cardiogram, and the second sound (the aortic or pulmonary component, depending upon which ventricular pulsation is to be recorded) can be seen to occur on the downstroke of the main systolic wave. Both first and second sounds, "a" indicates the atrial wave. ventricular pressure wave at cardiac catheterization. Fig. 3 shows superimposed left atrial, left ventricular, and apex cardiogram pulse tracing, and it can be seen that the "a" waves all occur together. Accepting that the fourth heart sound is associated with atrial contraction, the "a" wave of the apex cardiogram immediately precedes this sound.
Moreover, if the A-V valve is so obstructed that flow and pressure changes through it are much slowed, then it would be expected that the "a" wave on the apex cardiogram would diminish and disappear. This in fact happens in mitral stenosis (Fig. 6) . Similarly, if the atrium has to hypertrophy because of a rise in the end diastolic pressure in the ventricle, then the "a" wave of the apex The records were taken from a male patient, age 32, with coarctation of the aorta, and a blood pressure of 180/110 mm. Hg in both arms. Left heart catheterization was performed for angiographic purposes, and the LA and LV pressure curves were recorded in turn, each simultaneously with the electrocardiogram and apex cardiogram, suitable complexes then being superimposed. It can be seen that the "O" point on the apex cardiogram just precedes the cross-over point of the LA and LV pressure curves. The "F" point coincides with the nadir of the early diastolic dip on the LV tracing. a, c, x, and y have their usual connotation with regard to the atrial pulse, and the pressure scale on the figure does not, of course, apply to the ACG.
cardiogram should increase in size, and again this can be seen to occur in aortic stenosis (Fig. 7) , in systemic hypertension, and to a less extent in mitral regurgitation. Phase 2 is the main systolic wave, and is produced by ventricular contraction. This wave has many variables, but it usually consists of an initial rapid upstroke, followed by a descending or ascending plateau, and a rapid descending wave, which may be preceded by a second, smaller peak.
The initial upstroke is probably produced by an increase in tension in the muscle, altering the shape of the heart, and by forward rotation of the apex beat. The initial upstroke is often interrupted by small vibrations which represent the first heart sound, and as shown in Table I the time interval from the onset of phase 2 to the first sound varies from 0-021 to 0-082 sec., with an average of 0 044 sec. As left ventricular volume decreases with ejection of blood, the plateau part of the curve is formed, and with changing heart shape a second peak may occur, to be followed by the rapid descent of ventricular relaxation. On this rapid descent, small vibrations representing the second heart sound may be seen.
Measuring the height of the upstroke from the end of the slow filling phase, the first sound occurred at about two-fifths of the way up to the summit; and using the point " 0" as a reference on the descending limb, the second sound occurred at just more than half of the way down. The lowest point on the descending limb (point " 0") occurs where the atrio-ventricular valves open, and blood :. begins to flow into the empty relaxing ventricle. It coincides very closely with the opening snap in mitral stenosis, but it does not represent the point at which the intraventricular pressure is lowest, rather the point at which pressure in the atrium exceeds that in the ventricle. This is well shown in Fig. 3 , where the nadir of the apex cardiogram (point "0") immediately precedes the intersection of the atrial and ventricular pressure curves, which from then on fall together to a lower level. The time interval between the aortic second sound and the point " 0" varied between 0 053 and 0 10 sec., with an average of 0-087 sec. (Table I) .
Phase 3 begins at point " 0", and ends at the point we have designated " F". It represents the sudden inflow of blood into the empty relaxing ventricle, and the steep rise of the curve is known as the early filling wave (EFW) or rapid filling wave (RFW). With this rapid inflow, the atrio-ventricular valves float towards each other, stretching the chorde. This movement may be palpable, and is almost certainly the cause of the small peak at the end of the rapid filling phase. It is at least partly responsible for the third heart sound which occurs at this time.
If the mitral valve is stenosed, there cannot be rapid flow through it in early diastole, so that the EFW is either much slowed, or obliterated altogether (Fig. 6) . On the other hand, if the valve is incompetent, the early ventricular filling produced by the increased volume of left atrial blood is both deep and steep, and often causes a sharp peak at point "F" (Fig. 8) .
In the normal subject, the time interval between point "O" and "F" varied from 0-071 to 0 150 sec., with a mean of 0 101 sec.
POSTOP.
FIG. 6.-Records from a woman aged 21, who had severe mitral stenosis, the valve diameter being assessed at operation as being 1 cm., split to 4-5 cm. On left: the pre-operative tracing, showing absence of both "a" waves and rapid filling waves. On right: the post-operative tracing, showing that both the "a" waves and the rapid filling waves are now clearly defined.
Phase 4 follows the rapid filling phase, with the curve of the pulse wave abruptly becoming much more shallow. This represents the late phase of passive diastolic filling, and ends at the next "a" Wave, or at the onset of the next main systolic wave. This slow filling is readily seen in the normal, and in mitral regurgitation, but is merged into phase 3, the differentiation between two phases (3 and 4) often being indistinguishable in severe mitral valve stenosis.
It is probable that point " F" on the apex cardiogram-that is the end of rapid ventricular fillingcoincides with the annular ascent point of Radner (1957 Radner ( , 1958 and almost certainly is the point at which intraventricular pressure begins to rise, i.e. is the point of the early diastolic "dip" of intraventricular pressure tracings (Fig. 3) .
DISCUSSION
For more than 70 years the apex cardiogram has been used as a reference tracing to time events in the cardiac cycle. Many investigators recorded simultaneous pulse waves from the jugular veins, the radial pulse, and cardiac apex, and related the wave forms to cardiac hemodynamics (Mackenzie, 1902; Hay, 1909) . Much of the original work on the third heart sound depended on the relation of this sound to the diastolic events recorded at the cardiac apex (Muller, 1906; Thayer, 1908 Thayer, , 1909 Bridgman, 1915; Hirschfelder, 1918; Routier and Van Bogaert, 1934) . Henderson (1906) has opened. This phase of rapid filling is then followed by a more gradual filling phase which he termed diastasis and which is in turn followed by the wave of atrial contraction. Most modern textbooks of physiology consider that 60 to 70 per cent of ventricular filling takes place during the early diastolic phase of rapid ventricular filling (Best and Taylor, 1961; Wright, 1961 (1906) and show a rapid movement of blood into the left ventricle immediately the mitral valve has opened, which is then followed by a slow filling phase.
These phases of left ventricular filling can readily be demonstrated by the apex cardiogram. The rapid filling wave on the apex cardiogram appears to be related to the phase of rapid inflow in the early part of diastole following isometric relaxation of the ventricle. The "F" peak which signals the end of the rapid filling phase is associated in time with the physiological third heart sound or the pathological third heart sound in protodiastolic gallop rhythm or mitral regurgitation (Muller, 1906; Thayer, 1908 Thayer, , 1909 Bridgman, 1915; Hirschfelder, 1918; Routier and Van Bogaert, 1934; Orias and Braun Menfendez, 1939; Taquini et al., 1940) . Mounsey (1957; showed a similar phase of rapid filling with the prxcordial accelerometer. Simultaneous apex cardiogram and left atrial pressure pulse tracings show that the "F" wave occurs at the same time as the annular ascent wing described by Radner (1957; 1958) and by Nixon (1961) (Fig. 3) . Radner attributed the annular ascent wing to the ascent of the mitral valve annulus and consequent partial closure of the mitral orifice. At the same time the mitral cusps and chorde are tensed by the ascent of the annulus as the ventricle continues to fill. mitral regurgitation, showing a steep early filling wave that "overshoots" to produce a tall peaked "F" wave. The PCG shows the two components of the second sound, preceding a soft opening snap which is coincident with point "O", and a clear third heart sound occurring at, and shortly after, the peak of the " F" wave. Dock, Grandell, and Taubman (1955) have shown by means of simultaneous phonocardiography and roentgenkymography that ventricular expansion is almost completed at the time of the third heart sound and that there is a momentary reversal of outward movement of the apical impulse probably caused by traction on the papillary muscles during the ascent of the annulus. They also noted that loud third heart sounds as in protodiastolic gallop rhythm were frequently associated with a headward or rightward thrust of the body in ballistocardiograms. The latter motion almost certainly corresponded to the precordial "F" wave on the apex cardiogram. An audible third heart sound is often associated with a palpable " F" wave particularly in these patients when they are placed in the left lateral position (Thayer, 1908 (Thayer, , 1909 Hirschfelder, 1918) .
The time relation between a third heart sound and the " F" wave is of great value in differentiating it from an opening snap. The opening snap, as previously mentioned, is related to point " 0" at the nadir of the downstroke of the systolic wave of the apex cardiogram whereas the third heart sound is related to point " F" at the peak of the rapid filling wave (Fig. 2) . Both components of the second heart sound precede point " 0".
At first sight, the rapid filling wave on the apex cardiogram appears to resemble the early diastolic dip with succeeding pressure rise, seen on the left ventricular pressure pulse. These two events are in fact dissimilar and should not be confused. Simultaneous records of the left ventricular pulse wave and the apex cardiogram show that the left ventricular pressure is still falling at the time of the ascent of the rapid filling wave to the " F" peak on the apex cardiogram (Fig. 3) .
The left atrial pressure falls rapidly from the "v" peak to the "y" trough after the mitral valve has opened. This fall is contiguous with the terminal part of the left ventricular pressure pulse and hence with the phase of rapid left ventricular filling (Orias and Braun Menendez 1939; Braun-wald et al., 1955) . The left ventricular pressure only begins to rise at about the time of the "F" point on the apex cardiogram: presumably at this point the left ventricular diastolic volume is at or near its maximum and with further inflow there is a rise of pressure in the left ventricle (Braunwald et al., 1955; Nixon and Wooler, 1961) . The velocity curves recorded from the left ventricle in the dog by Prieto et al. (1961) also demonstrate that the left ventricular pressure is still falling during the phase of rapid early filling.
The apex cardiogram records both cardiac movements and the changes in the volume of the left ventricle. The velocity of blood flow is probably also of some importance in the formation of the pulse contour, which is in fact a composite tracing, and care is necessary in its interpretation. Many factors affect the amplitude of the apex cardiogram, including the pressure used in applying the funnel to the chest wall, the amount of subcutaneous tissue, and the proximity of the heart to the thoracic cage. It is often difficult to record in obese or emphysematous patients. The information it provides is qualitative rather than quantitative.
We have now had an extensive experience in the recording of the apex cardiogram and find that it has three main uses. First as a reference tracing in phonocardiography and particularly in timing left-sided events in the cardiac cycle. In this respect, it is superior to the jugular pulse which only reflects right-sided events. There is no transmission delay in recording the apex pulse, other than that inherent in the apparatus, and this is one of its advantages over the indirect carotid pulse wave. Secondly it is of value in assessing patients with mitral valve disease and particularly in deciding whether mitral regurgitation or stenosis is dominant in those patients with mixed lesions. We propose to consider this subject in detail in a separate communication.
The third use of the apex cardiogram lies in the post-operative assessment of patients who have had a mitral valvotomy. It provides objective information as to what has been achieved. Following successful operation it is usually possible to demonstrate a rapid filling wave and "Fl" peak which were not present before (Fig. 6) . If significant mitral incompetence has been produced at operation then a large " F" wave will be recorded on the apex cardiogram. The use of the left lateral decubitus position for recording the apex cardiogram was first suggested by Pachon (1902) and later referred to by Thayer (1909) , Manoukhine (1914) , Hirschfelder (1918) , Pachon and Fabre (1934), Benchimol et al. (1960) , and Hartman and Snellen (1960) . This is often the only way of obtaining a sustained systolic wave form in a normal subject and in the absence of left ventricular hypertrophy.
When the patient is turned on to the left side, the heart remains in contact with the chest wall throughout the cardiac cycle and the apex cardiogram is then dominated by the volume and velocity changes in the left ventricle: the effects of cardiac movement and rotation are thus reduced to a minimum. An adequate apex cardiogram can usually be obtained in the dorsal decubitus position when the left ventricle is hypertrophied, probably owing to the closer contact of the hypertrophied ventricle with the chest wall.
The value of this technique lies in its relative simplicity. No special additional apparatus is necessary and the equipment is the same as that used for the routine recording of the carotid and jugular pulse waves. With practice a left ventricular apex cardiogram can be recorded on almost every patient as part of the routine phonocardiographic study. The apex cardiogram is unique in that it is the only indirect method available for assessing diastolic events on the left side of the heart.
SUMMARY
The apex cardiogram is a record of the relative movements between the heart and the chest wall. Its mode of production has been discussed, and the recording technique described, emphasizing the simplicity of this technique employing apparatus used for recording indirect carotid and jugular pulse forms. It is the only simple indirect method of assessing diastolic events on the left side of the heart.
The four phases of the normal apex cardiogram have been described. Three of these phases are produced by diastolic events, and are of considerable value in the interpretation of these events on the left side of the heart. The time relations of the heart sounds to the apex cardiogram have been described, with particular emphasis on its use in differentiating between the opening snap and the third heart sound.
